Summary More efficacious physical activity (PA) prescriptions for optimal bone development are needed. This study showed that PA duration, frequency, and load were all independently associated with bone parameters in young girls. Increased PA duration, frequency, and load are all important osteogenic stimuli that should be incorporated into future PA interventions. Introduction This study evaluated the associations of physical activity (PA) duration, frequency, load, and their interaction (total PA score=duration×frequency×load) with volumetric bone mineral density, geometry, and indices of bone strength in young girls. Methods Four hundred sixty-five girls (aged 8-13 years) completed a past year physical activity questionnaire (PYPAQ) which inquires about the frequency (days per week) and duration (average minutes per session) of leisure-time PA and sports. Load (peak strain score) values were assigned to each activity based on ground reaction forces. Peripheral quantitative computed tomography was used to assess bone parameters at metaphyseal and diaphyseal sites of the femur and tibia of the nondominant leg. Results Correlations across all skeletal sites between PA duration, frequency, load and periosteal circumference (PC), bone strength index (BSI), and strength-strain index (SSI) were significant (p≤0.05), although low (0.10-0.17). A 2.7-3.7% greater PC across all skeletal sites was associated with a high compared to a low PYPAQ score. Also, a high PYPAQ score was associated with greater BSI (6.5-8.7%) at metaphyseal sites and SSI (7.5-8.1%) at diaphyseal sites of the femur and tibia. The effect of a low PYPAQ score on bone geometric parameters and strength was greater than a high PYPAQ score. Conclusions PA duration, frequency, and load were all associated with bone geometry and strength, although their independent influences were modest and site specific. Low levels of PA may compromise bone development whereas high levels have only a small benefit over more average levels.
Introduction
Osteoporosis, a major global public health concern, is characterized by microarchitectural deterioration and loss of bone tissue that consequently increases susceptibility to fracture [1] . Although historically considered a disease of the elderly, there is now considerable agreement that osteoporosis is a condition with origins in childhood and adolescence [2] . While skeletal development is largely determined by heritable factors [3] , modifiable factors can also compromise or enhance bone acquisition. Since >90% of adult skeletal mass is acquired during childhood and adolescence [2] , one strategy aimed to reduce the risk of fracture is to optimize bone parameters that determine bone strength. This could be achieved via exercise-induced adaptations in volumetric bone mineral density (vBMD; milligrams per cubic centimeter) or bone geometry during growth. The optimal type and amount of physical activity (PA) needed to induce bone adaptations during growth remain unclear. Such information would be useful in the development of bone health recommendations for youth and should underlie the design of exercise interventions aimed to optimize bone strength.
Controlled loading studies in animals have identified key features of osteogenic stimuli such as increased strain magnitude [4, 5] and frequency [6] within a safe range. Increased duration (e.g., increased number of loading cycles) may also be an important osteogenic stimulus as long as the distribution of strain is altered throughout the loading session [7] . Unfortunately, highly controlled studies in children and adults, in which components of activity dose are manipulated, are few and difficult to conduct. While observational studies might also address this issue, studies of the association of PA with bone typically only examine the influence of total activity and not its components (e.g., duration, frequency, load), in part, because standardized methods for capturing the bonerelevant components of PA in humans are lacking.
We recently developed and tested a questionnaire for assessing bone loading activities in youth [8] . Using that questionnaire in the present study, we sought to determine whether any individual component of PA (duration, frequency, load) or their interaction (duration×frequency× load) was associated with vBMD, geometry, and indices of bone strength in young girls, aged 8-13 years. A unique feature was the use of peripheral quantitative computed tomography (pQCT) for assessment of bone geometry and vBMD. The mechanical strength of bone is determined both by its material properties (e.g., vBMD) and its structural properties (e.g., geometry) [9] . In addition to increased mineralization, small changes in the shape of bone (e.g., an increase in the outer circumference) can dramatically increase bone strength and fracture resistance [10] . Past reliance on dual-energy X-ray absorptiometry (DXA) and so-called areal BMD (aBMD; grams per square centimeter), which does not adjust for the depth of bone or provide direct measures of bone geometry, has confounded our understanding of the relationship between PA and bone parameters. Considering the findings from animal studies [4] [5] [6] , we hypothesized that PA load (peak strain score) and frequency (days per week) would be more strongly associated with bone parameters than increased duration (minutes per session) of PA.
Methods

Participants
The study population has been described previously [11] . Data reported in this paper are from the baseline assessments. The sample included 465 healthy girls, aged 8-13, who were participants in the "Jump-In: Building Better Bones" study. The long-term goal of the Jump-In study is to prospectively assess the effects of high-impact jumping exercises on bone macro-architecture in pre-and early-pubertal girls. Girls who were in school grade 4 or 6 were recruited from 14 elementary and four middle schools around Tucson, AZ, USA. Exclusion criteria included learning disabilities (identified by schools) that made it impossible to complete questionnaires or otherwise unable to comply with assessment protocols; medications, medical conditions, or a disability that limited participation in physical exercise as defined by the Committee on Sports Medicine and Fitness [12] ; excluded (or excused) from participation in physical education; and the inability to read and understand English. The protocol was approved by the University of Arizona Human Subjects Protection Committee, and the study was conducted in accordance with the Helsinki Declaration. All guardians and girls provided written informed consent. Guardians completed a health history questionnaire with questions on participant ethnicity and race.
Anthropometry
Anthropometric measures were obtained following standardized protocols [13] . Body mass was measured to the nearest 0.1 kg using a calibrated scale (Seca, Model 881, Hamburg, Germany), and height and sitting height were measured at full inhalation to the nearest millimeters using a stadiometer (Shorr Height Measuring Board, Olney, MD, USA). Non-dominant femur length (nearest millimeters) was measured from the base of the patella to the inguinal crease. Non-dominant tibia length (nearest millimeters) was measured from the proximal end of the medial border of the tibial plateau to the distal edge of the medial malleolus. Coefficients of variation (CVs) for femur and tibia lengths were 0.33% and 0.51%, respectively (n=465).
Physical maturation
Maturity was assessed from self-report (with assistance available) of breast development based on Tanner stages [14] . The questionnaire presents illustrations of stages of development and has been shown to agree with physician exam and grading [15] . Although Tanner staging is common in developmental studies, its ability to accurately assess maturation may be limited [16] . Consequently, we also assessed years from peak height velocity (PHV), an index of maturation, estimated using Mirwald's equation [17] derived from a 6-year longitudinal study in boys and girls [18] . In Mirwald's sample, the algorithm for girls was reported to explain 89% of the variance in years from PHV [17] .
Past year physical activity questionnaire
The past year physical activity questionnaire (PYPAQ) has been validated in adolescents [19] . We modified the questionnaire to include a more comprehensive list of 41 activities common to youth [8] and used the modified PYPAQ to survey all sport and leisure-time PA in which subjects had engaged at least ten times in the past year outside of physical education class. The questionnaire was administered in an interview with the subject and guardian (s). Participants were asked to record average duration, weekly frequency, and the number of months of participation for each activity. Total PYPAQ score was computed using a modified equation from Shedd et al. [20] : PYPAQ score=∑ 1−n (duration (average minutes/session)×frequen-cy ([months/12]×days/week)×load (peak strain score)), where n was the number of activities a subject reported during the past year. Individual scores for PA duration, frequency, and load were calculated using the following equations: duration = ∑ 1 − n (average minutes/session), frequency= ∑ 1 − n ([months/12]×days/week), and load= ∑ 1−n (peak strain score), where n was the number of activities a subject reported during the past year. PA intensity, commonly reported as the metabolic equivalent (MET; where 1 MET=3.5 mLkg −1 min −1 ) value of an activity [21] , was not included in the PYPAQ equation to protect against colinearity because intensity and load were highly correlated (r=0.94) and because peak strain is more relevant to bone than METs. Peak strain scores (PSS) reported by Groothausen et al. [22] were used to increase the contribution of bone-relevant loading activities to the overall score. Jumping activities (e.g., basketball, gymnastics, volleyball) were assigned a PSS of 3; activities that involve changing directions quickly and sprinting (e.g., soccer, tennis) were assigned a PSS of 2; all other weightbearing activities were assigned a PSS of 1 (e.g., golf, hiking, walking). Low-impact activities that fell between categories were given a PSS of 1.5 (e.g., aerobics, dance). Non-weight-bearing physical activities (e.g., swimming, cycling) were assigned a PSS of 0.5. Sports and leisuretime activities that did not have a PSS previously reported in the literature were assigned the same value as the most similar activity.
Bone and body composition assessment Bone geometry and vBMD were assessed at the distal 4% and 20% femur and 4% and 66% tibia sites of the non-dominant leg using pQCT (XCT 3000; STRATEC Medizintechnik GmbH, Pforzheim, Germany, Division of Orthometrix; White Plains, NY, USA). Subjects were asked with which foot they would kick a ball when playing soccer/kickball. If the subject was uncertain, she was asked with what hand she writes and that was determined to be her side of dominance. Scout scans were performed to locate the distal growth plates, with the scanner programmed to subsequently find the sites of interest. pQCT scans were analyzed using Stratec software, Version [23] . Slice thicknesses were 2.3 mm and voxel sizes were set at 0.4 mm for all sites. Scanner speed was set at 25 mm/s. Trabecular vBMD (milligrams per cubic centimeter), periosteal circumference (PC; millimeters), and bone strength index (BSI; square milligrams per bisquare millimeter), calculated as described by Kontulainen et al. [24] , were assessed at the 4% distal femur and tibia. At the 20% femur and 66% tibia, cortical vBMD (milligrams per cubic centimeter), cortical area (square millimeters), endosteal circumference (EC; millimeters), PC, cortical thickness (millimeters), and strength-strain index (SSI; cubic millimeters), calculated as described by Shedd et al. [20] , were assessed. BSI estimates the bone's ability to withstand compression at metaphyseal sites, while SSI is used to estimate the bone's ability to resist torsion and bending forces at diaphyseal sites. Because of the difficulties in interpreting metaphyseal bone density measurements from a single slice [25] , we averaged three pQCT slices at both the femur and tibia 4% sites. Operators were trained on pQCT scanning and software analyses following guidelines provided by Bone Diagnostics, Inc. (Fort Atkinson, WI, USA). One operator performed all pQCT scans and one technician performed all scan analyses. Repeat scanning of girls to establish the precision of pQCT was not considered ethical by the University of Arizona Human Subjects Protection Committee. Thus, we conducted a separate study with adults to determine within-subject (n=29 per skeletal site) pQCT precision error (CV). After subject repositioning, CVs calculated as described by Glüer et al. [26] for trabecular vBMD at the 4% femur and tibia were 0.5% and 0.8%, respectively. CVs for femur and tibia periosteal circumference were 0.4% and 1.1%, respectively. CVs for BSI at the 4% femur and tibia were 0.9% and 0.8%, respectively, while CVs for SSI at the 20% femur and 66% tibia were 0.9% and 0.9%, respectively.
Total body mass, fat mass, percent total body fat, and lean soft tissue mass were obtained from DXA whole body scans using GE Lunar Prodigy (software version 5.60.003) fan-beam densitometer (GE Lunar Corp, Madison, WI, USA). Subjects were positioned using standard GE/Lunar protocols. DXA CVs and BMD precision in our laboratory have been previously reported [27] .
Statistical analysis
Data were checked for outliers and normality using histograms, and all variables were tested for skewness and kurtosis. BSI and SSI at all sites were modestly skewed. We ran both log-transformed and untransformed analyses; all results were similar; thus, we report the untransformed data for clarity. Quintiles of PYPAQ score divided the sample into five groups (fifths), and descriptive statistics were calculated for the total sample and for each fifth. Differences in descriptive statistics among fifths of PYPAQ score were analyzed using ANOVA and χ 2 tests as appropriate. We chose quintiles as group cutoffs to compare bone parameters across levels of PYPAQ score (i.e., fifths) for reasonable spread across groups, while also preserving adequate group sample size to detect significant betweengroup differences. Bivariate correlations were computed using Pearson's r to identify relationships among PA variables (duration, frequency, load, PYPAQ score) and between PA variables and bone parameters. Significant independent relationships of bone parameters with PA duration, frequency, load, PYPAQ score, maturity offset, body mass, leg length, and ethnicity were assessed using stepwise multiple linear regression. The percentage of variation (R 2 ) in each bone parameter explained by PA duration, frequency, load, and PYPAQ score, together with all covariates, was calculated using the stepwise linear regression model. The criterion for entry into the model was p≤0.05, and the criterion for removal from the model was p≥0.10. Prior to regression analyses, all variables were checked for normality, linearity, and homoscedasticity using residual plots. Colinearity among covariates was tested in each regression model and was not observed in any of the final models. Differences in bone parameters (adjusted for maturity offset, body mass, leg length, and ethnicity) among fifths of each PA variable were tested using ANCOVA. Bone parameters were similar among the middle 3 fifths of PYPAQ score; thus, we collapsed these fifths into a single group and used ANCOVA, with the same covariates, to determine whether there were differences between the middle group (average of the middle 3 fifths) and the lowest and highest fifths of PYPAQ score. In Fig. 1 , outcome values were normalized to the middle group, thus setting the middle group values to 1.0 and lower and higher values to <1.0 and >1.0, respectively. Normalization of values was necessary due to the differences in units among pQCT outcome variables. Given that mechanical loads in the lower limb are proportional to body mass and leg length [28] , these measures were included as covariates in all regression and ANCOVA models. Bonferroni post hoc tests were used to adjust for multiple comparisons. All regression and ANCOVA analyses were repeated substituting maturity offset [17] with Tanner stage [14] . All results were similar; thus, we only report analyses that included maturity offset based on its higher relation with all bone parameters in this sample [11] . All analyses were also performed within maturity offset and Tanner stage maturity categories (maturity offset <0 years from PHV (PRE) and ≥0 years from PHV (POST); Tanner stage I (pre-pubertal), Tanner stage II-III (early pubertal), Tanner stage IV-V (late pubertal)). A significance level of p≤0.05 (two-tailed) was used in all tests. All analyses were performed using the Statistical Package for the Social Sciences for Windows, Version 18.0 (SPSS, Chicago, IL, USA).
Results
Descriptive characteristics are shown in Table 1 for the total sample (n=465) and for fifths of PYPAQ score. Sample ethnicity was 22% Hispanic and 78% non-Hispanic; sample race was 88% White, 7% Asian, 3% Black or African American, 0.5% Native American or Alaska Native, 0.5% Native Hawaiian or other Pacific Islander, and 1% other. Tanner stage distributions for the total sample were 33% pre-pubertal (stage I, n=155), 60% early pubertal (stages II-III, n=280), and 7% late pubertal (stages IV-V, n=30). Maturity offset values indicated that girls were on average 1.1 years from PHV, with a range from 3.2 years prior to PHV to 1.4 years post-PHV. Based on US National Center for Health Statistics/Center for Disease Control percentiles for body mass index (BMI; kilograms per square meter) [29] , 3.0% of the sample was underweight (BMI <5th percentile), 73.8% of the sample was healthy weight (BMI 5th-85th percentile), 15.1% of the sample was at risk for overweight (BMI 85th-95th percentile), and 8.1% of the sample was overweight (BMI >95th percentile).
As expected, PYPAQ score was significantly (p<0.001) correlated with duration (r=0.63), frequency (r=0.65), and load (r=0.53). Furthermore, PA duration, frequency, and load were significantly (p<0.001) intercorrelated. Load was highly correlated with duration (r=0.71) and frequency (r=0.69), while duration and frequency were moderately correlated (r= 0.48). Bone parameters reflecting bone geometry (cortical area, EC, PC, cortical thickness) and strength (BSI, SSI) at metaphyseal (4%) and diaphyseal (20% femur, 66% tibia) sites were significantly correlated with duration, load, and PYPAQ score (r=0. 10-0.20) . Correlations between PYPAQ score and trabecular vBMD were also significant, although lower overall (r=0.10-0.12). Frequency was not significantly correlated with any bone parameter at any site, except femur and tibia SSI. Also, PA components were not significantly correlated with cortical vBMD.
Stepwise multiple linear regression was used to determine independent associations of PA duration, frequency, load, and PYPAQ score with bone parameters when all PA variables were included together in regression models, with covariates, maturity offset, body mass, leg length, and ethnicity (Table 2) . In this analysis, duration (minutes per session) was significantly and independently associated with 20% femur cortical area, PC, and SSI; 4% tibia BSI; and 66% tibia EC, PC, and SSI, while frequency (sessions per week) was significantly and independently associated with 20% femur cortical area and SSI and 4% tibia PC (Table 2) . Load (peak strain score) was significantly and independently associated with 4% femur PC, 20% femur SSI, 4% tibia BSI, and 66% tibia PC (Table 2) . PYPAQ score was significantly associated with all parameters reflecting bone geometry (cortical area, EC, PC) and strength (BSI, SSI), except diaphyseal cortical thickness and 4% femur PC, and explained 0.3-1.4% more variance in almost all bone parameters as compared to any individual PA component ( Table 2 ). The single exception was that duration explained 5.9% of the variance in 66% tibia EC, while PYPAQ score explained 4.1% of the variance in the same parameter (Table 2) . PA duration, frequency, and load also explained between 0.4% and 2.3% of the variance in some, but not all bone parameters reflecting bone geometry (cortical area, EC, PC) and strength (BSI, SSI) at various sites (Table 2) . Duration, frequency, load, and PYPAQ score were not significantly associated with cortical or trabecular vBMD (data not shown). Comparisons of bone parameters across fifths of PA duration, frequency, and load, as well as PYPAQ score, were performed using ANCOVA, adjusted for maturity offset, body mass, leg length, and ethnicity. Although there were some significant differences between the lowest and highest fifths of PA duration for some bone parameters, the differences were not consistent across skeletal sites. No significant differences in bone parameters were found across fifths of PA frequency and load. In contrast, differences in bone geometric parameters and indices of bone strength between the highest and lowest fifths of PYPAQ score were all significant, except for 4% femur BSI, diaphyseal cortical area, and diaphyseal cortical thickness (Table 3) . A 2.7-3.8% greater PC and a 3.6-5.9% greater EC were observed in the highest as compared to the lowest fifth of PYPAQ score (Table 3) . Also, the highest fifth of PYPAQ score had greater BSI (6.5-8.7%) and SSI (7.5-8.1%) as compared to the lowest fifth (Table 3) . No significant differences in cortical or trabecular vBMD were observed among fifths of PA variables (Table 3) . Analyses within maturity categories (maturity offset <0 years from PHV (PRE) and ≥0 years from PHV (POST); Tanner stage I (pre-pubertal), Tanner stages II-III (early pubertal), Tanner stages IV-V (late pubertal)) gave similar results and did not change the magnitude or direction of the observed relationships between PA duration, frequency, load, and total PYPAQ score and bone parameters.
Bone parameters were similar among the middle 3 fifths of PYPAQ score (Table 3) ; thus, we collapsed these fifths into a single group and used ANCOVA (adjusted for maturity, body mass, leg length, and ethnicity) to determine whether there were differences between the average of the middle 3 fifths and the lowest and highest fifths of PYPAQ score (Fig. 1) . Because of differences in units among pQCT bone parameters, the results were normalized to the middle group, which was assigned a value of 1.0. Bone parameters for the highest fifth of PYPAQ score were not different from the average of the middle 3 fifths except for 66% tibia EC. In contrast, all bone parameters were significantly reduced in the lowest fifth as compared with the average of the middle 3 fifths of PYPAQ score, except for 4% femur BSI, diaphyseal cortical area, diaphyseal cortical thickness, and 66% tibia EC, showing that girls with low PYPAQ scores had smaller bone geometry (EC, PC) and less bone strength (BSI, SSI) compared to all other girls.
Discussion
Unlike past studies which have been constrained by the limitations of DXA, we examined whether any individual component of PA (duration, frequency, load), as well as a total PA score representing the interaction among all three PA components (duration×frequency×load), was associated with vBMD, geometry, and indices of bone strength in young girls using pQCT to measure bone parameters. PA duration, frequency, and load were all modestly and independently associated with bone geometry and strength, although duration was consistently the strongest predictor of bone parameters. As could be expected, the interaction of PA subcomponents (PYPAQ score) was the strongest predictor of bone parameters. Despite the heterogeneous cohort of pre-and peri-pubertal girls and inherent limitations in measuring PA in youth, PYPAQ score was a significant predictor of bone geometric parameters and indices of bone strength. These findings support the premise that mechanical loading during growth has the potential to optimize bone structure and produce worthwhile gains in bending, compressive, and torsional strength [10] . If maintained, these gains have the potential to reduce fracture risk later in life. Fig. 1 Femur (a) and tibia (b) pQCT estimated marginal means ± SE for the lowest, average of the middle 3, and the highest fifths of PYPAQ score normalized to the middle 3 fifths. Outcome values were normalized to the middle group, thus setting the middle group values to 1.0 and lower and higher values to <1.0 and >1.0, respectively. Normalization of values was necessary due to the differences in units among pQCT outcome variables. Differences in outcome values were evaluated by ANCOVA using maturity offset, body mass, leg length, and ethnicity as covariates. PC periosteal circumference (millimeters) The influence of PA duration, frequency, and load on bone parameters has received little attention in youth [30] [31] [32] . Karlsson et al. [30] reported that weekly duration (hours per week) of exercise was associated with higher aBMD of adult male soccer players. Wang et al. [31] used DXA and pQCT and reported that participation in high-impact activities (greater loads) was associated with greater diaphyseal tibia parameters (cortical vBMD, total cross-sectional area, polar moment of inertia) of pre-but not early-pubertal girls. More recently, Tamaki et al. [32] reported in boys and girls that frequency of sports club participation, independent of activity load or duration, was predictive of aBMD. Our results extend previous findings because we studied the independent association between each of the three PA components and bone parameters using a three-dimensional imaging method (pQCT) that is appropriate for growing children. Although we found independent associations between PA duration, frequency, load and bone geometry (cortical area, EC, PC), and indices of bone strength (BSI, SSI), these associations were modest and site specific. The association of activity duration (minutes per session) with bone parameters was greater than that of frequency (sessions per week) and load (peak strain score) at most skeletal sites. The potential importance of duration is consistent with studies of animals that have shown that prolonged loading sessions can continue to stimulate bone formation as long as the distribution of strain is altered throughout the session [7] . Human studies have emphasized PA load and frequency over duration. One reason PA duration has received less attention may be because this term can interpreted meaning either duration of the average training session (minutes per session) or the length of training history (years). While increasing the years of training history is known to be osteogenic [30, 33, 34] , we found only one study that has addressed the question of whether increasing the duration of a typical training session is also osteogenic [35] . Another reason this question has received insufficient attention may be because studies in animals have shown that the osteogenic response to loading saturates relatively quickly [36, 37] . Based on these studies, prolonging the duration of a single training session is less likely to be osteogenic. However, animal studies have also shown that increased duration (e.g., increased number of loading cycles) can continue to stimulate bone formation as long as the distribution of strain is altered throughout the loading session [7] , which is predominately the case during most activities in free-living humans. Thus, increasing the duration of the average training session may be an important osteogenic stimulus in humans that has been overlooked.
As expected, our findings showed that the interaction of PA duration, frequency, and load (total PYPAQ score) explained more variance in almost all bone parameters as compared to any individual PA component. Parameters reflecting bone geometry and indices of bone strength were 2.7-5.9% and 6.5-8.7% greater, respectively, in the highest compared to the lowest fifth of PYPAQ score. Nilsson et al. [38] have recently reported in young adult men (~19 years of age) that previous sport activity during childhood and adolescence was associated with increased PC of the tibial diaphysis compared with men who were inactive during growth. In agreement with Nilsson and colleagues [38] , our findings showed that low active girls (lowest fifth of PYPAQ score) compared with more active girls (average of the middle 3 fifths and the highest fifth of PYPAQ score) had lower values on almost all bone parameters reflecting bone geometry (EC, PC) and bone strength (BSI, SSI) at metaphyseal and diaphyseal sites of the femur and tibia. Furthermore, the differences between girls with high PA versus moderate PA were attenuated compared to differences between girls with low versus moderate PA. These findings suggest that physical inactivity during growth may be detrimental for bone development.
Exercise before and during puberty has been associated with greater bone size (i.e., periosteal expansion) [38] [39] [40] [41] [42] . In a randomized controlled trial in pre-pubertal children, Specker and Binkley reported increased PC in response to 12 months of exercise [40] that persisted for 12 months post-intervention [41] . However, further studies are needed to confirm these results because, as reported by the authors, pQCT scan quality was poor on a large proportion (51%) of the baseline measurements [40] . Bass et al. [42] have suggested that exercise before and during the early-pubertal years enhances periosteal apposition, whereas when undertaken late in puberty, exercise results in endocortical contraction. Thus, exercise during the pre-and/or earlypubertal years may be the most opportune time to modify bone strength because periosteal expansion is a more effective means of increasing bone strength than endocortical contraction [9] . Our findings were similar in pre-and early-pubertal girls and showed that exercise was associated with periosteal and endosteal expansion during both periods, resulting in distribution of the cortex further from the center of the longitudinal axis of the bone; hence, the greater bone strength was observed in girls in the highest compared to the lowest fifth of PYPAQ score independent of differences in cortical area and thickness. Future prospective studies will be necessary to determine whether exercise during the late pubertal years continues to enhance periosteal and endosteal expansion or whether, after menarche, exercise works in concert with higher estrogen concentrations to promote endocortical contraction.
Only one study has previously examined the relation between PA and cortical bone size and vBMD in young girls [31] . Using pQCT, Wang et al. [31] reported that weight-bearing PA was associated with cortical bone size and vBMD of the diaphyseal tibia in pre-but not in earlypubertal girls. Our results confirmed the finding that PA is related to tibial cortical bone size, but do not support a significant association with cortical vBMD at diaphyseal sites of the femur and tibia. One explanation for why we did not find a significant association between PA and cortical vBMD may be because most of the girls in our study were in an early-pubertal (n=280) stage of maturation. It is possible that the higher estrogen levels associated with puberty attenuated the relationship between PA and cortical vBMD. Our findings are consistent with other studies using pQCT in pre-pubertal gymnasts [43] and adult women [44] , suggesting that mechanical loading is associated with cortical bone size, but not cortical vBMD. To date, the available data on the relationship between PA and trabecular vBMD at metaphyseal sites of weight-bearing bones are limited and conflicting [38, 39, 43, 44] . Although we found a significant correlation between PA and trabecular vBMD at the distal femur and tibia, the relationship was no longer significant after adjustment for covariates known to affect bone parameters (maturity, body mass, leg length, and ethnicity).
Our study is not without limitations. The main limitation is the difficulty in assessing PA in children and youth through a self-report questionnaire. We sought to minimize this limitation by using a questionnaire that has been validated in youth [19] , by encouraging guardian assistance with PA recall, and by limiting recall to past year leisuretime PA and sport participation. Nevertheless, we acknowledge that this approach may be susceptible to reporting errors. Another potential limitation of the PYPAQ is that it does not allow for the examination of the relationship between historical PA (previous years) and bone parameters. For example, it is possible that older girls could have been physically active for more years. However, as recently shown by Nilsson et al. [45] , present PA (past year) and historical PA (previous years) are strongly interrelated, which suggests that present PA tends to be representative of historical PA. Thus, had we measured historical PA in addition to present PA, like Nilsson et al. [45] , it is probable we would have found both present and historical PA to be related to bone geometry and strength. Also, ground reaction forces (GRFs) associated with activities were not measured directly in our sample. Similar to Shedd et al. [20] and Wang et al. [31] , we assigned load (peak strain score) values to activities based on GRFs reported in the literature for young females [22] . Another concern is that maturational differences may have influenced our study results. Although we did not directly assess skeletal age, we did control for maturation using Tanner staging [14] and maturity offset [17] . Both methods have limitations. Tanner stage estimates were obtained from a self-report questionnaire, a potential limitation, although the questionnaire has been shown to agree well with physician exam and grading of sexual maturation [15] . Maturity offset, defined as years from PHV, was estimated using the method of Mirwald et al. [17] , who developed gender-specific algorithms to predict years from PHV. While PHV is best captured from longitudinal somatic measurements, the Mirwald equations [17] were developed from a large sample of youth [18] and have been shown to give reasonable estimates of maturity offset [16] . Both methods gave similar results, suggesting maturity was adequately controlled. Lastly, our crosssectional analysis does not allow for determination of a causal relationship between PA and bone parameters. Future longitudinal trials are needed to address this proposition.
Despite these limitations, the study had several significant strengths, including the large sample of pre-and peripubertal girls and the use of pQCT, which has been used in only one previous study [31] with a similar focus. Furthermore, the inclusion of several sites at metaphyseal and diaphyseal regions of the femur and tibia provided a more detailed description of how PA duration, frequency, load, and PYPAQ score are related to vBMD, geometry, and indices of strength of weight-bearing bones. Our results indicate that a higher PYPAQ score during growth is predominantly associated with greater periosteal expansion. Since small changes in the shape of bone (e.g., an increase in the outer circumference) can dramatically increase bone strength and fracture resistance [9] , these findings support the premise that loading exercises during growth may modify bone structure and reduce the risk of fracture later in life.
In conclusion, using pQCT in a large sample of pre-and peri-pubertal girls, we showed that PA duration, frequency, and load are associated with bone geometry and indices of strength, although their independent influence was modest and site specific. Contrary to our hypothesis based on findings from animal studies [4] [5] [6] , PA duration (defined as average minutes per session) was a stronger predictor of bone parameters than PA frequency (sessions per week) and load (peak strain score [22] ) at most skeletal sites, although the total PYPAQ score, which accounts for duration, frequency, and load, was a stronger predictor of bone geometry and strength than any individual component of PA. Girls with low levels of bone-relevant activity clearly had less favorable bone geometric parameters and lower indices of bone strength than girls with moderate levels; the differences between girls with high versus moderate PA were attenuated compared to differences between girls with low versus moderate PA. These results highlight the importance of identifying girls with low levels of PA and encouraging them to engage in bone-building PA.
